Abstract
Introduction

CD4
+
CD25
+ Foxp3 + regulatory T cells (Tregs) are critical for immunological tolerance and they control various immune responses associated with allergy, infection and tumor immunity by patrolling the secondary lymphoid organs and peripheral tissues (1, 2). To traffic to these tissues, Tregs appear to depend on chemokine-chemokine receptor interactions (3). For example, Tregs migrate to the bone marrow partly through CXCL12-CXCR4 interactions (4). Tregs in cardiac allograft (5) and ovarian tumor (6) utilize CCR4 signals for their tissue localization. CD103
À Tregs in the spleen and lymph nodes express CCR7 and preferentially migrate into lymph nodes, where CCR7 ligands are abundant, whereas
CD103
+ Tregs express receptors for inflammatory chemokines and preferentially migrate into inflamed sites (7, 8) .
Tregs are also found in the intestine (9, 10). Whereas T cells and IgA plasma cells migrate to the intestine via the interaction between CCR9 and its ligand, CCL25/ thymus-expressed chemokine (TECK) (11) (12) (13) (14) [CCL25 is produced by intestinal epithelial cells (11) and presented on the intestinal venular endothelial cells (12) ], it remains unclear whether Tregs in the intestine express functional CCR9. Furthermore, it is unknown how Tregs migrate into the gut and whether the mechanism they use is distinct from that regulating the Treg migration to other tissues.
Tregs are self-reactive. Therefore, interactions with selfantigens are probably essential for their development and function (15) (16) (17) (18) (19) (20) . Observations by us (21) and others (22) indicate that such interactions occur in the intestinal mucosa; distinct dendritic cell (DC) subsets of the small intestinal lamina propria (LP) constitutively endocytose self-antigens derived from apoptotic intestinal epithelial cells and transport them to the T-cell areas of mesenteric lymph nodes (MLNs), where Tregs are localized. Given that DCs can present self-antigens and imprint tissue tropism on T cells, it is tempting to speculate that these DC subsets can also prime Tregs locally and affect their imprinting mechanisms to confer tissue tropism to the LP and MLNs on the Tregs.
In this study, we found that a substantial proportion of the CD4 + CD25 + cells in the small intestinal LP expressed Foxp3 and showed an 'effector/memory' phenotype, CD44 hi CD45RB lo . Furthermore, the Tregs in the LP (LP-Tregs) expressed high levels of CCR4 and showed efficient chemotaxis to the CCR4 ligands CCL17/thymus and activation-regulated chemokine (TARC) and CCL22/macrophage-derived chemokine (MDC). We also found that CCL17 and CCL22 were selectively expressed by DCs in the small intestinal LP and that Tregs were often found in close proximity to these DCs in the LP. These findings are consistent with the hypothesis that Tregs localize to the small intestinal LP through the action of CCL17 and CCL22 produced by LP-DCs and that the DCs influence the Tregs' activities locally.
Methods
Animals
BALB/c mice (5-8 weeks old) were purchased from CLEA Japan. All animal experiments were performed under protocols approved by the Ethics Review Committee for Animal Experimentation of Osaka University Medical School.
Antibodies and chemokines
Purified anti-CD16/CD32 (2.4G2), purified anti-CD3 (145-2C11), purified anti-CD28 (37.51), purified and biotinylated anti-CD11c (HL3), FITC, PE-Cy5-conjugated and biotinylated anti-CD4 (RM4-5), PE-conjugated anti-integrin b7 (M293), FITC-conjugated anti-CD62L (MEL14) mAbs, PEconjugated anti-CTLA-4 (UC10-4F10-11) and APC-conjugated streptavidin were purchased from BD PharMingen (San Jose, CA, USA). PE-conjugated anti-CD25 (PC61.5) and APC-conjugated anti-Foxp3 (FJK-16s) mAbs were from eBioscience (San Diego, CA, USA). Purified goat anti-mouse CCR4 pAb was from Capralogics (Hardwick, MA, USA). Anti-mouse CCR9 mAb (7E7) was kindly provided by Reinhold Foerster (Hannover Medical School, Germany). Rabbit anti-mouse Foxp3 pAb was prepared as described previously (23) . CCL19-Fc, CXCL12-Fc chimeric proteins and human IgG Fc were kindly provided by K. Hieshima and O. Yoshie (Kinki University School of Medicine, Japan). Biotinconjugated goat anti-human IgG pAb was from American Qualex (San Clemente, CA, USA). Alexa 647-and Alexa 594-conjugated streptavidin, Alexa 488-and Alexa 647-conjugated chicken anti-goat IgG pAb and 4#,6-diamidino-2-phenylindole were purchased from Molecular Probes (Eugene, OR, USA). Recombinant mouse CCL25, CCL17 and CCL22, goat anti-mouse CCL17 pAb and rat anti-mouse CCL22 mAb were purchased from R&D Systems (Minneapolis, MN, USA).
Preparation of CD4
+ CD25 + T cells from small intestinal LP, MLNs and spleen
The small intestine was opened longitudinally along the mesenteric wall, and the Peyer's patches and isolated lymphoid follicles were removed as described previously (24) . Small intestinal segments were treated with PBS containing 10% FCS, 20 mM HEPES, 100 U ml À1 penicillin, 100 lg ml À1 streptomycin, 1 mM sodium pyruvate, 10 mM EDTA and 10 lg ml À1 polymyxin B (Calbiochem, San Diego, CA, USA) for 30 min at 37°C to remove epithelial cells and were then washed extensively with PBS. The segments were then treated with 400 Mandl U ml À1 collagenase D (Roche, Penzberg, Germany) and 100 lg ml À1 DNase I (Roche) in RPMI 1640/ 10% FCS with continuous stirring at 37°C for 30-45 min. EDTA was added (10 mM final concentration), and the cell suspension was incubated for an additional 5 min at 37°C. After washing, the cells were subjected to density gradient centrifugation through 45%/75% Percoll (approximate density 1.058 and 1.093 g ml À1 , respectively). The cells were harvested from the interface, washed and used for assays.
A single-cell suspension was prepared from the spleen or MLNs by mincing the tissue on a 100-lm pore-size cell strainer (BD Falcon, San Jose, CA, USA). RBCs were removed by treating the cells with ACK lysis buffer (0.15 M NH 4 Cl, 10 mM KHCO 3 and 0.1 mM Na 2 EDTA, pH 7.2). For FACS sorting, the cells were stained with PE-conjugated anti-CD25 and PECy5-conjugated anti-CD4 mAbs. CD4 + CD25 + T cells were sorted using a FACSVantage SE (BD Biosciences, San Jose, CA, USA). The purity of the sorted CD4 + CD25 + T cells was routinely >95%. For the positive selection of CD25 + cells, the cell suspension was incubated with PE-conjugated anti-CD25 and then with anti-PE beads (Miltenyi Biotec, Bergisch Gladbach, Germany) and subjected to AutoMACS (Miltenyi Biotec).
Flow cytometry
Freshly isolated cells were incubated with Fc Block TM for 15 min at 4°C and then stained for CD4 and CD25. The intracellular staining of Foxp3 was conducted using the protocol recommended by BD PharMingen. The cells were analyzed on a FACSCalibur (BD Biosciences). Tregs were identified by gating on the CD4 + CD25 + cell population. The expression of CCR4 was determined using anti-CCR4 pAb and Alexa 647-conjugated chicken anti-goat IgG pAb. CCR9 expression was determined with an anti-CCR9 mAb, which we labeled with Alexa 647. CCR7 and CXCR4 expression was determined using the CCL19-Fc and CXCL12-Fc chimeric proteins, respectively. The Fc domain was then detected by biotinylated goat anti-human IgG pAb followed by incubation with APC-conjugated streptavidin.
Immunohistochemistry
To detect Tregs, frozen sections were fixed in methanol at À30°C for 10 min, and then rabbit anti-mouse Foxp3 pAb and biotinylated anti-CD4 mAb were applied overnight at 4°C. Samples were washed and then incubated with Alexa 594-conjugated streptavidin and Alexa 488-conjugated chicken anti-rabbit IgG pAb for 2 h at room temperature (RT). To detect DCs, sections were incubated with biotinylated anti-CD11c mAb overnight at 4°C followed by incubation with Alexa 594-conjugated streptavidin for 1.5-2 h at RT. Immunohistochemical staining was analyzed using a Radiance 2100/Bio-Rad confocal laser microscope (BioRad, Hemel Hempstead, UK).
Quantitative real-time PCR
Total RNA was prepared from freshly isolated cells using TRIzol RNA extraction reagent (Invitrogen Life Technologies, Carlsbad, CA, USA). cDNA was prepared using WT-Ovation RNA Amplification System (NuGEN Technologies, Inc., San Carlos, CA, USA), according to the manufacturer's instructions. Quantitative real-time PCR was conducted in a final volume of 25 ll containing amplified cDNA and 23 PCR Master Mix (Applied Biosystems), and the following inventoried primer sets [CCL17, CCL22 and CCR4 (Applied Biosystems)] were used. b-Actin was used as an internal control. 
T-cell suppression assay
CD25
À cells. These three cell types were mixed at a 1:1:1 ratio and were stimulated by culturing in the presence of 5 lg ml À1 anti-CD3 mAb and 2 lg ml À1 anti-CD28 mAb. After 3 days, the cellular proliferation was assessed by CFSE dilution using a FACSCalibur.
Transwell chemotaxis assay
Chemotaxis assays were performed using 5-lm pore polycarbonate filters in a Transwell chamber (Corning Costar Corporation) as described (21) . CD25
+ cells enriched by AutoMACS were cultured in complete RPMI10 with 8 ng ml À1 IL-2 (R&D Systems) for 1-2 h before being applied to the upper well. All the cell suspensions and chemokine dilutions were prepared in RPMI 1640 containing 0.5% lowendotoxin fatty acid-free BSA (Sigma-Aldrich) and 8 ng ml À1 IL-2. Conditioned medium was prepared from LP-DCs and splenic DCs. The LP-DCs and splenic DCs (2 3 10 5 ) were incubated in 3 ml culture medium in the presence of granulocyte macrophage colony-stimulating factor (GM-CSF). After 24 h, the culture medium was collected and used in chemotaxis assay. Before applied to chemotaxis assay, culture medium was incubated with 10 lg ml À1 anti-CCL17 antibody and/or anti-CCL22 antibody or with rat Ig at 37°C for 30 min. After 2.5 h of incubation, the inserts were removed and 5 3 10 4 polystyrene beads (Polysciences, Warrington, PA, USA) were added to the lower compartment of the Transwell. The migrated cells were recovered and stained with PE-Cy5-conjugated anti-CD4 mAb and PE-conjugated anti-CD25 mAb. The number of migrated T cells was measured by the flow cytometer acquisition of a fixed number of beads. To calculate the specific migration, the number of migrated cells in the absence of chemokine was subtracted from the number of the corresponding cell sub-population that had migrated in the presence of chemokines. To evaluate the percentage of migration, the number of migrated CD4 + CD25 + T cells was divided by the total number of input CD4 + CD25 + T cells.
ELISA LP-DCs, LP-eosinophils (EOs) and splenic DCs were isolated as described (21) and sorted by FACSVantage SE, after which the purity of each cell type was >98%. Samples of 6 3 10 5 cells were incubated in 1.5 ml cRPMI10. After 40 h, the medium was collected. The levels of TARC and MDC in the culture medium were measured with the Quantikineâ system (R&D Systems), according to the manufacturer's protocol. The plates were read at 450 nm in a microplate reader (Molecular Devices, Sunnyvale, CA, USA). The concentrations were calculated from a standard curve.
Statistical analysis
Data are presented as the mean 6 SD, as indicated. The cells were isolated from three or four mice in each experiment. All experiments were repeated more than three times.
Results
The CD4 + CD25 + T cells in the small intestinal LP express Foxp3
Intestinal CD4 + CD25 + Tregs are likely to play pivotal roles in the induction and maintenance of intestinal tolerance to both self-and intestinal antigens locally. Although the large intestinal CD4 + CD25 + Tregs have been partially characterized (9, 10), relatively little is known about small intestinal CD4 + CD25 + Tregs, particularly in terms of their frequency, intraintestinal localization, phenotype and functional capacities. To examine the abundance of Tregs in the small intestine, we first determined the frequency of CD4 + CD25 + T cells in the small intestinal LP and compared it with their frequency in other secondary lymphoid organs. To exclude the contribution of Tregs derived from the Peyer's patches and/or isolated lymphoid follicles, we used mice whose Peyer's patches and isolated lymphoid follicles had been surgically removed. As shown in Fig. 1(A) , 10-15% of the CD4 + T cells were CD25 + in the small intestinal LP, spleen and MLNs, indicating that Tregs are present in the small intestinal LP and that their frequency among CD4
+ cells is similar to that seen in other secondary lymphoid tissues.
Because CD25 is a marker of cell activation and not necessarily an indicator of Tregs on its own, we next examined the expression of Foxp3, a bona fide marker for Tregs (1), in the CD4 + CD25 + and CD4 + CD25 À cells derived from these tissues, by flow cytometry using an mAb against Foxp3. As shown in Fig. 1(B (Fig. 1D ).
CD4
+ Foxp3 + cells are found in the T-cell area of MLNs and throughout the intestinal LP We next examined the localization of CD4 + Foxp3 + Tregs in the small intestinal LP and MLNs by immunohistochemistry, using the anti-Foxp3 pAb. In the small intestinal LP, CD4
+ Foxp3 + cells were readily recognizable throughout the LP region ( Fig. 2A) , although not as densely as in the spleen or MLNs (Fig. 2B and C) . No non-specific staining was observed with control normal rabbit serum (data not shown). Considering the ample surface area of the small intestinal LP, however, these results indicate an overall abundance of Tregs in the small intestinal LP. Fig. 3(B + b7 lo (subset III) in these tissues (Fig. 3C) . Interestingly, whereas the CD62L-expressing subset III was the most abundant in MLNs and spleen, this subset was only a minority in the small intestinal LP (Fig. 3C) ; thus, the majority of CD4 + CD25 + LP T cells lacked CD62L expression. Immunohistochemical analysis confirmed that most of the Foxp3 + cells in the intestinal LP expressed little or no CD62L (data not shown). Upon antigen activation, T cells rapidly shed CD62L, a critical lymphocyte adhesion molecule for lymph node trafficking (25) . Tregs also show CD62L shedding upon activation, although CD62L expression does not seem to correlate with their suppressive function 
CD25
À T cells that were Foxp3 + in the small intestinal LP and SP. Cells were counted in five non-consecutive microscopic fields and the mean 6 SD was calculated. Data are representative of two independent experiments. in vitro (26). Our results thus indicate that LP-Tregs are phenotypically unique and that most of them show a downregulated expression of CD62L. Furthermore, as shown in Fig. 3(D) , LP-Tregs showed lower CD45RB expression than the splenic and MLN-Tregs; they also showed high CD44 expression. Thus, the majority (81.7%) of LP-Tregs bore an effector/memory phenotype, CD44 hi CD45RB lo . Previous studies have shown that CD103 + -Tregs preferentially migrate into effector/inflammatory sites (7, 8). Although the frequency was higher than in spleen (19.4%) and MLNs (13.6%), only 25.7% of the LP-Tregs expressed CD103 (Fig. 3E) , arguing against the possibility that CD103 is a critical homing molecule for Tregs that migrate into the small intestine under physiological conditions.
LP-Tregs highly express CCR4 and respond efficiently to the CCR4 ligands CCL17 and CCL22
Whereas the trafficking of gut-tropic T cells is regulated by CCR9-mediated signaling (11, 27, 28) , the involvement of chemokines in Treg trafficking to the intestine remains to be established. To address this issue, we first investigated chemokine receptor expression in intestinal CD4 + CD25 + Tregs. As shown in Fig. 4(A) , LP-Tregs expressed substantially higher levels of CCR4 and CCR9, lower levels of CCR7 and comparable levels of CXCR4, compared with the CD4 + CD25 + Tregs from the spleen. Consistently, quantitative real-time PCR analysis showed that the small intestinal LPTregs expressed much higher levels of CCR4 than did the CD4 + CD25 + Tregs of other tissues (Fig. 4B) . The high CCR4 and CCR9 expression by intestinal LP CD4 + CD25 + Tregs is apparently functionally relevant because LP-derived CD4 + CD25 + cells showed efficient chemotaxis in response to the CCR4 ligands CCL17/TARC and CCL22/MDC (Fig. 4C) , and this chemotaxis was completely abrogated by the addition of neutralizing antibodies against these chemokines (data not shown). LP-derived CD4 + CD25 + cells also showed chemotaxis to CCL25/TECK (Fig. 4C) . Intestinal LP CD4 + CD25 À T cells also showed efficient chemotaxis in response to CCL17 and CCL22, suggesting that CCR4-mediated chemotaxis is not selective to CD4 + CD25 + T cells but rather general to intestinal LP CD4 + T cells (Fig. 4C) . In contrast, splenic T cells (CD4 + CD25 + and CD4 + CD25 À ) showed chemotaxis to CCL17, CCL22 or CCL25 only poorly (Fig. 4C ).
CCR4 ligands CCL17 and CCL22 are produced abundantly by CD11c hi DCs in the LP
Given the functional expression of CCR4 by LP-Tregs, we next examined the expression of CCR4 ligands (CCL17/ CCL22) in the small intestine. Because a previous study reported that mature DCs express CCL17 and CCL22 and attract Tregs in vitro (29), we investigated whether DCs in the intestinal LP (LP-DCs) express these chemokines. As shown in Fig. 5(A) , CD11c hi LP-DCs expressed abundant mRNAs for CCL17 and CCL22, compared with splenic CD11c hi cells. To examine whether CCL17 and CCL22 are expressed at the protein level, we performed ELISAs. As shown in Fig. 5(B) , CCL17 and CCL22 were readily detected in the culture medium of LP-DCs and their expression levels were significantly higher than those of splenic DCs and EOs obtained from LP (LP-EOs) under the same culture conditions. Next, we examined the possibility that LP-Tregs could be attracted by LP-DCs. For this purpose, LP-DCs were cultured, and the culture supernatant was harvested and examined for the ability to attract Tregs. We found that culture supernatant obtained from LP-DCs attracted LP-Tregs very efficiently, which was inhibited by the addition of neutralizing antibodies against CCL17 and CCL22 (Fig. 5C ), raising the possibility that LP-Tregs can migrate toward LP-DCs via CCR4-mediated signaling.
Tregs are located in close proximity to DCs in the LP
To examine whether the observed expression of CCL17, CCL22 and CCR4 within the intestinal LP reflected functional interactions between these molecules, we examined the localization of DCs and Tregs in the LP. As shown in Fig. 6 , LP-Foxp3 + Tregs (52 6 5.4%) were often located in close proximity to the CD11c + LP-DCs, whereas 34 6 4.2% of Foxp3 + cells were in contact with CD11c + cells in the spleen (data not shown). These findings are consistent with the hypothesis that Tregs are localized to the small intestinal LP through the action of CCL17 and CCL22 produced locally by LP-DCs.
Discussion
Tregs continuously recirculate throughout the secondary lymphoid organs and peripheral tissues to maintain immunological tolerance in vivo. Although it has been generally accepted that Treg migration is under the control of chemokines and chemokine receptors (30) , studies of the molecules responsible for the steady-state migration of circulating Tregs to the gut are scarce. In the present study, we found that CD4 + CD25 + T cells were abundant in the small intestinal LP and that most of them expressed a critical transcription factor for the development and function of Tregs, than did other T-cell subsets in spleen. They also showed a high expression level of CCR4 at the RNA and protein levels compared with splenic and MLN-Tregs and efficiently migrated to the CCR4 ligands CCL17 and CCL22. Interestingly, these chemokines were abundant in the small intestinal LP. Furthermore, the LP-Tregs were closely associated with the CD11c + LP-DCs in situ, which strongly expressed CCL17 and CCL22. These observations indicate that LPTregs are different from the Tregs of other tissues in their expression of a unique phenotype and raise the possibility that the LP-Tregs may localize to the small intestinal LP through the action of chemokines CCL17 and CCL22 produced by LP-DCs.
To the best of our knowledge, our study is the first to demonstrate that the Tregs of the small intestinal LP predominantly display an effector/memory phenotype. In other tissues we examined, such as the MLNs and spleen, Tregs with an effector/memory phenotype represented only a minority, consistent with studies by others (7, 8). The dominance of an effector/memory phenotype in LP-Tregs raises at least two possibilities regarding their recruitment to the intestine. One is that naive-type Tregs migrate into the intestinal LP and are rapidly converted to an effector/memory phenotype locally, in response to the gut-specific environment. Because the small intestine is an antigen-rich milieu, containing food antigens, apoptotic epithelial cells and commensal bacteria, as well as antigen-presenting DCs in the LP (21, 22) , the Tregs migrating into the LP are probably exposed to these antigens via DCs and thereby become activated, which may cause them to express this unique phenotype, although non-antigenic tissue-specific factors such as transforming growth factor-b may also contribute to it. A second possibility is that Tregs with an effector/memory phenotype are generated in non-intestinal tissues and migrate preferentially to the intestinal LP. Previous studies by Hamann et al. indicated that CD62L
À Tregs could migrate efficiently to non-lymphoid tissue sites, whereas CD62L + Tregs mainly migrate to secondary lymphoid tissues (7, 8). However, the low expression of b7 integrin and CD62L observed in the LP-Tregs indicates that they would not have a strong tendency to migrate back to the intestine because cells with this phenotype cannot interact with MAdCAM-1, the principal endothelial receptor that regulates lymphocyte trafficking into the intestinal LP (31, 32) . Foxp3 + LP-Tregs were often found in direct contact with or in close proximity to DCs. In addition to providing antigenic stimuli to Tregs, it is possible that LP-DCs provide a nonantigenic signal to them, and the Tregs may also signal the DCs. For instance, given that the LP-DCs produce the CCR4 ligands CCL17/CCL22 and that Tregs located in close by expressing CCR4, the CCL17/CCL22-producing LP-DCs are likely to guide the CCR4-expressing LP-Tregs to their sites of action. The high expression of CCR4 by blood-borne Tregs has been documented previously in humans (29, 33) . In addition, because human monocyte-derived DCs cultured in the presence of GM-CSF plus IL-4 produce CCL17 and CCL22, and their production increases in response to inflammatory stimuli (34) , the interaction between CCR4 ligands and CCR4 has been suggested to play a role in Treg recruitment to the sites of inflammation (29, 33) . In support of this hypothesis, a recent study showed that CCR4-deficient Tregs failed to migrate to the draining MLNs that highly expressed CCR4 ligands CCL17 and CCL22, with the consequence that impaired to suppress pathogenic T cells during early development of colitis in a mouse model of IBD (35) . In addition, Sather et al. (36) showed that the Tregs in most non-lymphoid tissues are CCR4
+ and mice with CCR4-deficient Tregs develop severe inflammatory disease in the skin and lungs. Our study suggested that the production of CCL17/CCL22 is constitutive in the DCs of the mouse intesti- 
CD25
+ T cells, although contamination of the LP CD4 + CD25 + cell population by activated T cells is not ruled out at present. Future work using CD4
+ Foxp3 + cells from GFP-Foxp3 mice will help resolve this issue. In addition, the use of the GFP-Foxp3 mice should also address how important the appropriate localization of Tregs is for their suppressive capacity in vivo. A recent study indicates that the immunoregulatory activity of Tregs in ongoing immune reactions requires their trafficking into inflamed tissue (39) . It has also been shown that, under conditions of intestinal inflammation, Tregs accumulate and proliferate in the intestinal mucosa (40) , in agreement with the idea that Tregs control effector T-cell responses not only in lymph nodes but also in inflamed tissue. Thus, determining whether Tregs exert their suppressive function in the intestinal LP, the MLNs or both is critical.
In conclusion, our data showed that the majority of the Tregs in the intestinal LP was phenotypically unique, expressing an effector/memory phenotype. We also showed that the Tregs functionally express CCR4 and are located in close proximity with CCR4 ligand-producing DCs in the intestinal LP. These observations provide useful information for the possible manipulation of Treg recruitment to the intestinal LP, which may be beneficial for achieving tolerance in autoimmune reactions or for enhancing immune responses against invading pathogens. comments on the manuscript. We also thank Shinobu Yamashita and Miyuki Komine for their secretarial assistance.
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